Aiming at calculating and studying the flow field characteristics of engine exhaust plume and comparative analyzing the effects of different chemical reaction mechanisms on the engine exhaust plume flow field characteristics, a method considering fully the combustion state influence is put forward, which is applied to exhaust plume flow field calculation of multinozzle engine. On this basis, a three-dimensional numerical analysis of the effects of different chemical reaction mechanisms on LOX/ kerosene engine exhaust plume flow field characteristics was carried out. It is found that multistep chemical reaction can accurately describe the combustion process in the LOX/kerosene engine, the average chamber pressure from the calculation is 4.63% greater than that of the test, and the average chamber temperature from the calculation is 3.34% greater than that from the thermodynamic calculation. The exhaust plumes of single nozzle and double nozzle calculated using the global chemical reaction are longer than those using the multistep chemical reaction; the highest temperature and the highest velocity on the plume axis calculated using the former are greater than that using the latter. The important influence of chemical reaction mechanism must be considered in the study of the fixing structure of double nozzle engine on the rocket body.
Introduction
Engine exhaust plume brings a variety of problems for the design and launch of rocket, such as [1] (1) the bottom convective heat transfer problems; (2) the bottom radiation heat transfer problems; (3) the radar signal attenuation problem; and (4) the ground thermal shock problem during the takeoff of the rocket. The study of rocket engine exhaust plume flow field characteristics has the following important application value [2] : (1) the obtaining mature theory and method which can be used to help study tracking large missile [3, 4] and (2) studying the attenuation effect of exhaust plume on radio frequency communication signal [5] .
Using CFD (Computational Fluid Dynamics) software for exhaust plume flow field calculation has the significant advantages, such as three-dimensional numerical simulation, choosing the turbulence model, obtaining detailed flow field parameters, and so on; it has been widely developed and applied. William and Calhoon's simulation [6] analyzed the rocket exhaust plume flow field using the structured and compressible N-S flow solver software GASP (the General Aerodynamic Simulation Program); the simulation study of Saturn V heavy-lift launch vehicle plume was carried out [7] using the CFD calculation procedures-OVERFLOW. Staged calculation method [2] was used to calculate exhaust plume flow fields: first, get the stagnation temperature and other parameters which can be the inlet boundary condition of second stage using the CEA (Chemical Equilibrium with Applications) from NASA for the zero-dimensional numerical analysis and then calculate exhaust plume flow fields with CFD software FLUENT. Three-dimensional numerical simulation of pure gas-phase single-nozzle [8] and fournozzle [9] exhaust flame flow fields was calculated using the method of large eddy simulation (LES) under the premise of ignoring the chemical reaction influence. FLUENT was used to validate the simplified flow field model of Tomahawk cruise missiles BGM-109 [10] . The method of exhaust plume flow field calculation above is conducted without considering the influence of internal combustion state on exhaust plume flow field characteristics. Cai et al. and Feng et al. [11, 12] developed an integrated calculation method of the inner flow field and the plume field of the engine; the effects of combustion chamber combustion model and the nozzle inside surface type on the plume flow field characteristics were studied. The integrated calculation method considered the effect of engine internal combustion state, but it needs a greater number of repeated calculations when calculating the multinozzle engine exhaust plume flow field.
In this paper, a method fully considering the combustion state influence based on the CFD software FLUENT is put forward, which is applied to exhaust plume flow field calculation of multinozzle engine. First of all, the simulation of engine internal flow field is carried out, and the nozzle throat section parameters are as the inlet boundary. Then the calculation of single-nozzle and multinozzle engine exhaust plume flow fields is carried out. Based on the method, numerical analysis of effects of different chemical reaction mechanisms on single-nozzle and double-nozzle LOX/kerosene engine exhaust plume flow field characteristics is carried out.
Mathematical and Physical Model
2.1. Governing Equations. Multicomponent chemical reaction and conservative three-dimensional N-S equations are used as the flow, the exchange of matter and energy, and the control equation of combustion of the model. The following is the general form of it.
where U is the conservative variable vector; t is the time variable; F , G , and H are the convection term vector; F v , G v , and H v are the viscous term vector; and J is the source term vector. The equation above consists quality equation, momentum equation, energy equation, and equation of components in the direction of x, y, and z, respectively.
Chemical Reaction Mechanism.
There are hundreds of components in kerosene, so it is difficult to describe the actual chemical reaction process accurately. In this paper, single-step global chemical reaction mechanism and multistep chemical reaction mechanism are studied. The first part is the single-step global chemical reaction, and the actual combustion process of kerosene can be simplified by the alternative fuel C 12 H 23 , by one-step oxidation process; the reaction produces H 2 O and CO 2 , and the chemical reaction rate K f is calculated by
where T is the temperature, the unit is in K; [KERO] is the molar concentration of kerosene, the unit is in mol/cm 3 ; and [O 2 ] is the molar concentration of oxygen, the unit is in mol/cm 3 . The specific values of other parameters are shown in Table 1 .
The second part is the multistep chemical reaction mechanism (9 components and 14-step chemical reaction), which is given by [13, 14] . The chemical reaction rate K f is calculated by
The specific values of the parameters in the formula are shown in Table 2 , and as the third carrier, M does not participate in the chemical reaction.
Turbulent Combustion Model.
Compressible Reynoldsaveraged Navier-Stokes (RANS) equations are adopted in the calculation to describe the turbulent flow of flow field. Realizable k-ε double equation model is adopted, as it can better simulate large curvature and vortex flow and easier to converge which referred to [15] .
The eddy dissipation/finite rate model is adopted in the calculation of single-step global chemical reaction. The eddy dissipation concept model is adopted in the calculation of multistep chemical reaction. In order to effectively avoid the rounding error of big index former factor and activation energy in the rigid mechanism, double precision solver is 
Disperse and Solution of the Equation.
The equations are dispersed in terms of finite volume method, and two order upwind schemes are adopted. Solver based on the pressure is adopted, and the algorithm is PISO (the pressure implicit with splitting of operators) algorithm.
Grid and Boundary Conditions.
Grid generation software is used to deal with the three-dimensional calculation area of the engine internal flow field, the flow field of the singlenozzle engine and the double-nozzle engine; grids and boundary conditions are shown in Figures 1, 2 , and 3. In order to save computing resources, according to the symmetry of the engine structure and the calculation area, the internal flow field of the engine is calculated with 1/3 symmetry, and the single-nozzle and double-nozzle exhaust plume flow fields are calculated with 1/2 symmetry. Engine structure is shown in [16] , the distance between the two nozzle axes is 1.5 m, and the installation angle is 6°. Calculation areas of single-nozzle and double-nozzle exhaust plumes are the length 130 m and the radius 15 m and the length 150 m and the radius 15 m, respectively.
Boundary conditions of the engine internal flow field are defined as follows: the mass flow inlet boundary is 1.178 kg/s and the mixing ratio of oxygen/kerosene is 2.4; the engine wall boundary is no-slip wall (refer to the LOX/kerosene engine cooling system design requirements provided by [17] ), and the engine cooling process is simplified into a wall temperature of 800 K; and the pressure outlet boundary is of 300 K and 101,325 Pa. Boundary conditions of the exhaust plume are defined as follows: the mass flow inlet boundary is determined by the engine internal flow field calculation results; the pressure far field boundary is of 300 K and 101,325 Pa; and the wall boundary is no-slip wall.
Calculation Results and Analysis of the Internal Flow Field of the Engine
First, grid independence verification is carried out to eliminate the influence of grid quality on the calculation results. 800 thousand, 1.6 million, and 2.4 million grids were used to calculate the international liquid oxygen/kerosene engine combustion flow; the results from the 800 thousand grids are significantly different from that from the 1.6 million grids and the 2.4 million grids and ultimately determine the 1.6 million grids because of the large computing resources 1.5 
Calculation Results and Analysis of the Engine Exhaust Plume Flow Field
4.1. Single-Nozzle Engine Exhaust Plume Flow Field. First, grid independence verification is carried out using 300 thousand, 650 thousand, and 960 thousand grids, and 650 thousand grids is used in considering the accuracy and the cost. The parameter distribution of internal flow field calculated by the single-step chemical reaction is used as the inlet boundary condition, and the plume afterburning reaction is also described using the single-step global chemical reaction.
The distributions of temperature, velocity, and reaction rate in the exhaust plume flow field on the different distance cross sections of the axial line and the symmetrical plane are shown in Figures 6(a) , 6(b), and 6(c). Exhaust plume gas is ejected from the nozzle into the air of the environment in the infinite region; the air medium is sucked by the plume because of the International Journal of Aerospace Engineering viscous effect, and the momentum and energy conversion exchange between the exhaust plume and the air medium is conducted. As a result, the range of the exhaust plume expands and the velocity and the temperature of the exhaust plume both decrease continuously. Along the radial direction, the plume temperature first increases and then decreases with the ambient temperature; the plume velocity decreases to the environment speed gradually. The first reason is the momentum conversion of the exhaust plume gas and the ambient air mixing, and the exhaust plume gas velocity decreases while the temperature increases; the second main reason is a lot of energy release because of the occurrence of afterburning reaction when the plume and air is mixing, and the mixing area is the main region of afterburning reaction, which causes the temperature rise sharply.
The parameter distribution of internal flow field calculated by multistep chemical reaction is used as the inlet boundary condition, and the plume afterburning reaction is also described by multistep chemical reaction; the distributions of temperature, velocity, and reaction rate in the exhaust plume flow field on the different distance cross sections of the axial line and the symmetrical plane are shown in Figures 7(a) and 7(b) . The plume flow field structure is the same with that calculated with the one-step chemical reaction model, but the overall velocity and temperature of the plume reduce significantly; this is because the singlestep chemical reaction model ignores a lot of endothermic reaction process, which leads to the temperature rise sharply. The chemical reaction rate in the exhaust plume flow field is shown in Figure 7 Figure 8 ; similar plume flow field structure and the same number of shock waves can be obtained by methods of single-step chemical reaction and multistep chemical reaction, but the length of exhaust plume of the former is 8 m longer than that of the latter (the judgment standard is the temperature on the plume axis decreases to the ambient temperature or the velocity on the plume axis decreases to the environment velocity), the peak temperature and the peak velocity were 1269.47 K (54.02% of the latter), and 105.94 m/s (3.96% of the latter) greater than that of the latter. The reasons are as follows: first, a lot of endothermic reaction processes are ignored when adopting the singlestep chemical reaction; thus, the temperature and velocity obtained are higher. Second, exhaust plume afterburning reaction occurs in different regions when different chemical reaction mechanisms are adopted; thus, the exhaust plume flow field temperature and velocity calculated by the former are higher than that of the latter, and the exhaust plume flow field structure also change.
Double-Nozzle Engine Exhaust Plume Flow
Field. First, grid independence verification is carried out using 470 thousand, 750 thousand, and 1.4 million thousand grids, and 750 thousand grids is used in considering the accuracy and the cost. The parameter distribution of internal flow field calculated by single-step chemical reaction is used as the inlet boundary condition, and the plume afterburning reaction is also described by single-step global chemical reaction; the distributions of temperature, velocity, and reaction rate in the exhaust plume flow field on the different distance cross sections of the axial line and the symmetrical plane are shown in Figures 9(a), 9(b) , and 9(c). At first, each of the two engine exhaust plumes maintains an independent shock structure, and then, with the increase of the axial distance, the continuous mixing of the exhaust plume and the ambient air leads to the continuous expansion of the exhaust plume; at last, the two exhaust plumes melt into a plume as a whole. The afterburning reaction is the most obvious both in the interface 
X (m) 0 1. 
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Different chemical reaction mechanisms are adopted to describe the combustion reaction to calculate the flow field of the double-nozzle engine exhaust plume flow field, and the distribution of parameters on the axis is shown in Figure 11 ; the length of exhaust plume obtained by single-step chemical reaction is longer than that obtained by multistep chemical reaction, and the peak temperature and the peak velocity are 1205.55 K (about 108.81% of the latter) and 271.76 m/s (about 47.71% of the latter), respectively. In conclusion, when analyzing the doublenozzle plume flow field characteristics or the engine mounting structure on the rocket body, we must give full consideration to the important influence of the chemical reaction model.
Conclusion
In this paper, a computational method of LOX/kerosene engine plume flow field is proposed. First, the internal combustion flow field of the engine is calculated, and the parameters of the nozzle throat are obtained as the inlet boundary of plume flow field simulation. Then, the plume flow field is simulated. The method can fully consider the influence of the internal combustion state on the plume flow field and avoid the repeated calculation of the internal flow field of the engine when calculating the exhaust plume of a multinozzle engine. The effects of different chemical reaction mechanisms on the single-nozzle and the double-nozzle LOX/kerosene engine exhaust plumes are analyzed based on the method. The conclusions are as follows:
(1) Multistep chemical reaction can be more accurate compared with one-step chemical reaction on the description of LOX/kerosene engine internal combustion process.
(2) The plume structures of the single-nozzle and the double-nozzle LOX/kerosene engine exhaust plumes with different chemical reaction mechanisms are similar, but the length of plume flow field based on the single-step chemical reaction is longer, the temperature is higher, and the speed is faster.
(3) Double-nozzle engine plume flow field is formed by two sets of single-nozzle plume flow field. Due to the temperature and velocity, distributions of single-nozzle engine plume flow field based on multistep and one-step chemical reaction are completely different and the double-nozzle engine plume flow field based on multistep and one-step chemical reaction is different. Analysis of double-nozzle plume flow field characteristics or the engine mounting structure on the rocket body and the influence of the chemical reaction mechanism must be fully considered.
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